Uniform light fluence distribution for patients undergoing photodynamic therapy (PDT) is critical to ensure predictable PDT outcome. However, common practice uses a point source to deliver light to the pleural cavity. To improve the uniformity of light fluence rate distribution, we have developed a treatment planning system using an infrared camera to track the movement of the point source. This study examines the light fluence (rate) delivered to chest phantom to simulate a patient undergoing pleural PDT. Fluence rate (mW/cm 2 ) and cumulative fluence (J/cm 2 ) was monitored at 7 different sites during the entire light treatment delivery. Isotropic detectors were used for in-vivo light dosimetry. Light fluence rate in the pleural cavity is also calculated using the diffusion approximation with a finite-element model. We have established a correlation between the light fluence rate distribution and the light fluence rate measured on the selected points based on a spherical cavity model. Integrating sphere theory is used to aid the calculation of light fluence rate on the surface of the sphere as well as inside tissue assuming uniform optical properties. The resulting treatment planning tool can be valuable as a clinical guideline for future pleural PDT treatment.
INTRODUCTION
Accurate dosimetry calculation in photodynamic therapy (PDT) is imperative in quantifying PDT treatment efficacy. In PDT, photosensitizer is administered to the site of the tumor. Illumination of the photosensitizer at a specific wavelength generates the highly toxic singlet oxygen which causes localized cell death and tissue necrosis. Efficacy of PDT therefore depends on the concentration of singlet oxygen, which in turn is determined by light fluence, photosensitizer concentration, and tissue oxygen level. [1] Direct measurement of singlet oxygen concentration is very difficult in vivo with large variability. As a result, to establish the correlation between the macroscopic treatment efficacy of PDT and the microscopic singlet oxygen concentration, one would need to rely on dosimetry calculation based on the in vivo measurements of light fluence, photosensitizer concentration, and tissue oxygen level. [2] Accurate in vivo PDT dosimetry is imperative in understanding the mechanism of singlet oxygen's toxic effect and how this toxicity translates to tissue necrosis observed with PDT. Ultimately the goal of PDT dosimetry is to enable better PDT treatment planning based on optimized singlet oxygen distribution at the site of the tumor and as a result improve overall PDT treatment efficacy.
PDT is a local treatment, aptly suited to treat malignant, localized tumors such as those observed in malignant pleural mesothelioma (MPM). [3, 4] MPM has no standard treatment and the median survival for diagnosed patients is 6 to 17 months, depending on the disease stage. To treat MPM, PDT is coupled with surgical debulking of the tumorous tissue, part of a trend in multi-modal regimes to increase survival rates. The photosensitizer is administered to the patient, followed by a latent period referred to as the illumination time. After the illumination time is fulfilled, debulking surgery is performed, followed by illumination. In order to increase the success rate of such procedures, accurate dosimetry calculations are imperative to treatment efficacy. The proposed treatment plan presented here offers a method to improve real-time dosage application.
The pleural treatment program at Penn treats patients with MPM or pleural effusion. The photosensitizing drug, HPPH ® , is administered 24-48 hours before irradiation. Once this illumination time is complete, the patient under goes surgical tumor debulking and irradiation. The irradiation is applied using a laser of wavelength 661 nm at 15-60 J/cm 2 . Within the thoracic cavity, the light delivery is continuously administered by a moving point source applied by the surgeon. It is at this point in the PDT treatment where real-time dosimetry becomes most critical. As the surgeon applies the light source, the knowledge of how well each particular area of the thoracic cavity is being irradiated will make the entire treatment process more effective and efficient.
THEORY

Diffusion approximation
In order to create an accurate and efficient real-time fluence monitoring system we must compare our measurements to theoretical calculations of the fluence rate. The diffusion approximation is applied to a spherical geometry to model the cavities we hope to work with in a clinical setting. The diffusion approximation can be expressed as, [5] ( )
μ is the absorption coefficient (cm -2 ), φ is the fluence rate, and S is the source term. Since we are working in spherical geometry, φ is a function of position r and independent of angle by symmetry. To solve for the fluence, we need to apply boundary conditions both within the medium surrounding the cavity and within the cavity,
To solve for the fluence within the medium we assume that all back-scattered photons re-enter the medium. [6] Equations (1) - (3) are implemented in a commercial finite-element method (FEM) algorithm. (COMSOL, An analytical expression for the fluence rate for exists a point source in the center of a perfect sphere, [6] ( ) , μ t = μ a +μ s , μ tr = μ a + μ s (1-g), and r 0 = cavity radius, and S is the power of the point source. This solution holds only for a centrally located, isotropic source.
Multiple Scattering and the boundary condition
When deriving this solution we assumed that the indices of refraction were matched between the cavity and surrounding medium. In reality, this assumption is unnecessary due to multiple scattering, which causes the fluence in the medium to be independent of whether the indices of refraction match. The boundary condition at the cavity-medium (r 0 =r) does not change because the same total flux will reenter the medium over time. Within the cavity, a portion of the light from the source escapes and leaves the cavity, only to be scattered backward by the surrounding medium. Meanwhile, another portion of the light is scattered by the cavity wall. The reflected light within the cavity is described by, [7] ( 6 ) where t φ is the transmitted fluence rate, and 0 φ is the initial fluence before scattering. Equation 6 simplifies to 1 because the denominator equals the total direct fluence from the source. From this we see that the fluence entering and leaving the cavity remains constant, causing the fluence in the turbid medium to be independent of indices of refraction (Eq. 2). The fluence in the cavity, however, is affected by the presence of scattering material (Eq. 3).
For an integrating sphere, the light fluence rate inside the sphere, assuming an infinite number of reflections, is uniform and can be calculated according to [8] :
where S is the light source power (mW),  ρ is the diffuse reflectance of the scattering wall surface, A s ( =4πR 2 ) is the total surface area with R the radius of the sphere, f is the fraction of the open surface area to the total surface area. Notice that this result assumes infinite number of scattering events on the wall before the light is detected.
One can also calculate the light fluence rate (φ) by including only the first, second, third scattering by using the summation up to the first, second, third terms, respectively, in middle term of Eq. (7). Equation (7) should be applicable for light fluence in pleural cavity since the integrating sphere theory does not restrict the shape of the enclosed reflective surface. Considering the case of additional absorption from the non-scattering medium inside the pleural cavity (e.g., due to bleeding) and the direct light component, Eq. 
where μ a is the absorption coefficient of the non-scattering liquid and r is the distance to the point light source. The diffuse reflectance can be calculated based on the optical properties of the thoracic wall [9] : 
METHODS
Infrared camera
The infrared camera used in this study has an accuracy of 2 mm and data acquisition rate of 20-60 samples per second. The CCD itself is mounted on a stand set at a distance away from the sample that is to be measured (the sensors on the camera have a radius of 4 ft). A detector is placed on a wand is used to collect data from within the sample's cavity; this information is relayed to the CCD and stored. By moving the wand around in the cavity we are able to collect data about the geometry of the cavity. These data points are combined to make a 3D contour representation of the sample (See Fig.   Figure 1 : Formatted patient contour, upper (red) and lower (blue) inner surfaces from the IR camera. Contours can then be read into Matlab and used to calculate the fluence rate in real-time. 1). These contour images are displayed in real-time, allowing observation of the geometry of the cavity as the data is being taken. This data is later used to provide real-time information on the location of the light source and coupled with an empirical formula to calculate the light fluence, also in real-time.
Finite Element Model
A finite element model (FEM) was used to numerically calculate the fluence rate in a spherical cavity as a function of radial distance. The results of this model were used to verify the fluence rate calculated analytically. Boundary conditions, optical properties, geometry, and indices of refraction were all specified by the user to match the conditions of our analytical solution. The model was run with the light source located both centrally in the cavity and off-center to test the dependence of the fluence rate on source location.
RESULTS
IR camera system
The IR camera system was able to be sued to track the location of the light source in real-time. The camera detector was placed on a wand which doubled as a light source. Placed inside a phantom whose shape mimics that of a human pleural cavity, the detector relayed information to the CCD and, combined with the contours discussed previously, was able to show where the wand was located in the phantom (see Figure 2 ). Figure 4 shows the FEM results for a centrally located source (left) and a source located at 5 cm (right). The cavity radius and optical properties were μ a = 0.3 cm -1 and μ s ' = 14 cm -1 . We found the fluence rate inside the cavity to be independent of source location, which is to be expected in light of the effects of multiple scattering as discussed above. 
FEM versus diffusion approximation
DISCUSSION AND CONCLUSION
The results presented here show promising aspects of pleural PDT treatment planning. The IR camera system developed here can potentially be used to obtain the location of the light-source position in real time. This tool would be an exciting addition to PDT treatment, to better help surgeons apply illumination more effectively as well as more efficiently. In future work we will implement the IR camera system in patients to obtain in-vivo data. Furthermore, we propose an empirical formula to calculate the fluence rate in a cavity in real time. By verifying our analytical solution with a FEM solution, we are able to assert that fluence rate is not dependent on index of refraction mismatch, angle, or sourcelocation. Further works needs to be done to fully understand the fluence within the cavity as function of multiple scattering and attenuation. We plan to compare these results to phantom measurements in order to further verify our solution.
A marriage of the two results discussed here may provide a powerful tool to pleural treatment planning. By coupling real-time IR monitoring with our analytical fluence rate solution we hope to be able to develop a system which can display the fluence received in a patient in real-time to the treatment team. This will provide an added dimension of efficiency to dosimetry in pleural PDT cases. This, in turn, may help increase the effectiveness and success rate of pleural PDT cases.
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